Introduction
Organic compounds are found to be effective corrosion inhibitors due to the adsorption of molecules and ions on the metal surface. As reviewed by Maayta and Al-Rawashdeh [1] , the extent of adsorption of an inhibitor depends on many factors such as the nature of the surface charge of the metal, the mode of the adsorption of the inhibitor, the inhibitor's chemical structure and the type of the corrosive solution. The presence of large molecules with functional groups containing heteroatoms (such as oxygen, nitrogen, sulphur, phosphorus), triple bonds or aromatic rings in the inhibitor's chemical structure enhances the adsorption process [2] . There has been a growing trend on the use of natural resources as corrosion inhibitors, which are environmentally friendly, cheap and readily available. Table 1 lists out some works done to evaluate various natural resources as corrosion inhibitors.
Generally, not many works have been done on the application of natural oils as corrosion inhibitors. One of the common and abundant natural oils in Asian countries is palm oil. Crude palm oil (CPO) contains equal amounts of saturated and unsaturated fatty acids which are palm stearin and palm olein, respectively. Palm olein contains monounsaturated and polyunsaturated acids consisting of oleic and linoleic acids. Both oleic and linoleic acids contain carbonyl groups which gives palm olein the potential to act as a corrosion inhibitor.
Currently, due to its lightweight property and corrosion resistance, Al alloy is used to replace copper as the material for car radiators. Numerous methods have been applied to protect Al against corrosion. One of the attempts is to use palm olein as an environmentally friendly corrosion inhibitor. However little or no work on this matter has been reported. Therefore, this work focuses on the effect of palm olein as a corrosion inhibitor for Al which would be suitable for application in Al car radiators.
Blends of palm olein and water in the presence of emulsifier and stabilizing agents at certain pH and temperature can produce stable emulsions with two separate layers; thick and dilute emulsions. Only the soluble and stable emulsion can be taken as the palm olein (PO) inhibitor. The solubility of an emulsion is considered good if there is no oily layer formed, whereas the stability of an emulsion is considered good if there is no oily layer formed after a prolonged period of time.
Analyses on the formulated PO inhibitor's concentration, pH, as well as micelle size and shape are very important since the inhibition and adsorption mechanism of the inhibitor on the aluminium surface can be predicted and understood from them.
Molar concentration of the PO corrosion inhibitor can be determined through acid-base titration method. The shape of micelles in the formulated PO corrosion inhibitor can be observed under optical microscopy (Axioskop 40, Zeiss) at 100 x magnification. As for the micelles size, it can be measured using particle size analyzer (Malvern Instrument, Mastersizer 2000).
Components Molecular structures
Oleic acid Table 4 . Molecular structures of the components in palm olein [18] 
Corrosion study
Performance of the formulated inhibitor should be evaluated by several corrosion tests such as weight loss, potentiodynamic polarization and electrochemical impedance spectroscopy. For corrosion tests, 1 M HCl solution is commonly used as the corrosive media especially for aluminium alloy since it is easily attacked by Cl -ions. In order to study the inhibition efficiency and inhibiting behaviour of the formulated corrosion inhibitor, metal has to be exposed to the corrosive media in the absence and presence of the inhibitor at different temperatures and concentrations of inhibitor. The chosen temperature range of the testing has to be based on the application of the inhibitor.
Weight loss (WL) study
Cleaned metal sheet with desired dimensions of 2 cm x 3 cm x 0.3 cm are used as test plates. Dimension and weight of the plate should be accurately measured prior to exposing the plate in a corrosive solution. The cleaned plate has to be suspended in the corrosive solution for several hours according to the desired exposure time. The plates were collected and retrieved at intervals of 1, 3, 6, 12, 24 and 48 hours for data collection. The collected plates should be cleaned before the plate was weighed. The metal sample preparation and cleaning techniques are according to ASTM G1-90 [19] . Each experiment should be triplicated for significant result. Corrosion rate can be determined from the weight loss data using the following formula [20] ; ( ) 87.6
Corrosion rate millimeter per year = W DAT (1) where W is the weight loss (mg), D is the density of the Al sample (g/cm 3 ), A is the area of sample (cm 2 ) and T is the exposure time (h). The percentage of inhibition efficiency IE% for the weight loss method was calculated as follows;
where W and W o are the weight loss of the Al 6061 with and without the inhibitor, respectively.
Potentiodynamic polarization (PP) study
Sample preparation is very important in corrosion studies. For PP test, the sample should be prepared as in Figure 1 . Normally the metal sheet has to be cut into sample pieces having dimensions such as 1 cm x 1 cm x 0.03 cm. A copper wire has to be attached to one side of the flat surface of the sample for electrical connection before the samples are cold mounted in a blend of resin and hardener. Normally only 1 cm 2 surface area is exposed to the corrosive media. This surface should be mechanically polished with sandpaper grade of 180 followed by 600. The polished surface has to be cleaned with distilled water followed by acetone and finally dried. 
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Polarization measurement is carried out in a three-electrode electrochemical cell with consists of counter, working and reference electrodes. Normally, platinum mesh of 2 cm 2 and saturated calomel electrode (SCE) are used as the counter electrode and reference electrode, respectively, while the metal sample acts as the working electrode. An electrochemical station such as Voltalab (PGP201) apparatus can be used as a potential source. Figure 2 shows a schematic diagram of the electrochemical cell for the polarization test. Prior to measurement, the electrode is immersed in the test solution for 60 minutes at an open circuit condition until a steady state condition is achieved. Subsequently, PP measurements are taken at a scanning rate of 1 mV/s. For aluminium samples, the common potential range starts from -1200 to +200 mV versus the SCE.
For the PP study, corrosion behaviour of the sample has to be analyzed using corrosion potential (E corr ), corrosion current density (i corr ), polarization resistance (R p ), anodic Tafel slope (β a ), cathodic Tafel slope (β c ) and corrosion rate (CR). The IE for the PP study method can be calculated as follows; % 100
where i corr and i corr o are the corrosion current density of the Al 6061 in the presence and absence inhibitor, respectively. Every experiment was repeated several times to make sure its reproducibility and the best are reported here. 
Electrochemical impedance spectroscopic (EIS) study
Sample preparation and EIS measurement are similar to that of the PP study. The EIS measurements were performed using AC signals of amplitude 10 mV peak to peak at the open circuit potential in the frequency range of 100 kHz to 100 mHz. Nyquist diagram can be determined from the experiment and the inhibition mechanism of the inhibitor can be explained from the calculated inductance or capacitance signals. The experiment should be repeated several times to make sure its reproducibility.
In confirming the corrosion behaviour of the inhibitor from corrosion tests, surface corrosion analysis using scanning electron microscope (SEM) should be done on the corroded surfaces. Performance test of the formulated inhibitor as anticorrosion for car radiator should also be done. As coolant and anticorrosion for car radiator, 95 wt% of coolant (glycerin) and the balance 5 wt% being the formulated inhibitor can be used.
Palm olein as anticorrosion for aluminium car radiator

Formulation of palm olein corrosion inhibitor
In formulating the PO inhibitor, emulsifier was added to enhance the solubility of palm olein in water. Figure 3 shows the corrosion rate of Al 6061 immersed in 1 M HCl solution containing different weight ratios of PO to T20 which were 5:0.5, 5:1.0 and 5:1.5. Within 1 to 6 hours of immersion time, the corrosion rates of all solution ratios were almost constant and similar to each other. Nevertheless, the 5:1.0 had shown the lowest corrosion rate followed by the 5:1.5 and 5:0.5 ratio solutions. A further increase in the immersion time from 6 to 24 hours had shown sharp increase in the corrosion rates for all ratios, with the 5:1.0 being the lowest followed by the 5:1.5 and 5:0.5. However, an increase in the immersion time from 24 to 48 hours had shown gradual reduction in the corrosion rate for all ratios. The results showed that despite the different weight ratios of PO to T20, all solutions produced almost similar corrosion rates. However, the solution with 5:1 ratio produced slightly lower corrosion rates than the other two solutions. The 5:1 ratio solution might have had reached its critical micelle concentration (CMC), upon which a further increase in the amount of emulsifier would not change or increase the corrosion rate, as explained by Al-Rawashdeh, and Mayata [21] . Thus, the POT20 stock solution with the weight ratio of PO to T20 as 5:1 was selected and subsequently used in this work.
The initial pH of 25% (v/v) POT20 in water was 4.5. Table 5 shows the effect of pH on the solubility of 25% (v/v) POT20 in distilled water. After 1 hour, the solution settles into two separate layers; an oily layer at the top and another dilute layer of emulsion at the bottom. The same finding was recorded for pH 5 and 11 solutions. Two separate layers indicated that PO was not fully soluble in water. On the other hand, three separate layers were observed for pH 7 solution; an oily layer at the top, a thick emulsion in the middle and a dilute emulsion at the bottom. After 24 hours, it was observed that pH 7 solution had the thinnest oily later. This finding suggested that at pH 7, the solubility of the PO in water had improved due to the better stability and smaller micelle size of the produced emulsion [22] . Therefore the pH 7 solution was used in the preparation of the formulation. However, the stability of the solution was still low. Table 6 shows the effect of temperature on the solubility and stability of the 25% (v/v) POT20 in water. After one hour of settling down at 299 K, the three layers were observed. Similarly, an oily layer appeared at the top, a thick emulsion in the middle and a dilute emulsion at the bottom. However, at 323 K, two separate layers were observed with thick emulsion at the top and dilute emulsion at the bottom and no oily layer. The absence of an oily layer suggested that at 323 K, two forms of emulsions at formed; thick and dilute emulsions as agreed by Goyal, and Aswal [23] . In other words, the solubility of PO in water at 323K is higher than it is at 299 K. However, the stability of the solution at this temperature was still not satisfactory since after 24 hours of settling down, three separate layers were observed at both temperatures. Nevertheless, the 323 K was taken as the working temperature in the preparation of the formulation with some additives added to stabilize the formulation. Table 6 . The effect of temperature on the solubility of POT20 in water Table 7 shows the effect of different concentrations of hexane varying at 5, 3, 1, 0.5 to 0%, (v/v) on the stability of 25% (v/v) POT20 in distilled water. The stability of the PO in water with 5, 3 and 1% (v/v) hexane remained unchanged until 9 days whilst with 0.5% (v/v), lasted for 14 days. The solution without hexane showed 12 days stability which was better than those in 5, 3 and 1% (v/v) hexane. This finding showed that the saturation concentration had been reached at above 1% (v/v) hexane; whereby further increase in hexane concentration did not improve the stability of the emulsion. Therefore, the optimum suitable volume ratio of hexane to POT20 was 0.5 to 25. Thus, this volume ratio was used in this work. Stability, days 9 9 9 14 12 Table 7 . Different amount of hexane on the stability of PO in water
The solubility and stability study revealed that the formulated PO inhibitor consists of two types of emulsion; thick emulsion and dilute emulsion. Dilute emulsion was soluble and stable in water, whereas the thick emulsion was insoluble in water. As such, the dilute emulsion was used as the corrosion inhibitor in this work and was labeled as POT20H. The thick emulsion was kept for future work. Figure 4 shows the corrosion rate determined from the WL test of Al 6061 in 1 M HCl and 50% (v/v) POT20H at 323 K with different concentrations of DETA. An addition of 3% (v/v) DETA into the 50% (v/v) POT20H solution remarkably reduced the corrosion rate as compared to that of the control 50% (v/v) POT20H. The corrosion rate of the control 3% (v/v) DETA was slightly higher than that of the 50% (v/v) POT20H with 3% (v/v) DETA solution which confirmed that inhibition was not solely due to DETA but the combination of POT20H and DETA. Reduction in the concentration of DETA from 3 to 2% (v/v) slightly reduced the corrosion rate. However, further reduction in the concentration from 2% (v/v) to 1% (v/v) followed by 0.5% (v/v) had markedly increased the corrosion rate. In other words, 50% (v/v) POT20H containing 2% (v/v) DETA showed the best IE. Consequently, for this study the best volume ratio of POT20H to DETA was 50 to 2 and this formulation was labeled as POT20HA. 
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Inhibition Efficiency (IE) of the palm olein corrosion inhibitor
Analysis of the palm olein corrosion inhibitor
The acid-base titration method was used to determine the molar concentration of the POT20HA. The initial pH of 30% (v/v) POT20HA in distilled water was 12.5 pH and 0.1 M HCl solution was used to neutralize the POT20HA. To calculate the molar concentration of the POT20HA the following reaction was considered; whereby 1 mol of POT20HA reacted with 1 mol of HCl [18] ,
Hence, in 30% (v/v) POT20HA, 0.1 M POT20HA reacted with 0.1 M of HCl. Table 10 shows the concentration of POT20HA which was extrapolated from the titration result.
Density of POT20HA was 0.98 g/cm3, as calculated from its weight and volume. From its concentration and density, the molar mass of POT20HA was calculated as 2969.70 g/mol. A
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thin film of POT20HA was scanned under XRD at the phase angle of 10 to 70 degree. However, only one significant peak was observed, specifically at the phase angle of 2 to 5 degree. The XRD spectrum predicted that POT20HA contains n-phenyl-n-dodecanamide (C 18 H 29 NO) (illustrated in Figures 5) . The compound reveals the presence of CON functional group, thus, it is classified as the amide family. The amide was synthesized from the reaction of carboxylic acid with an amine involving condensation process. Figure 6 shows the general reaction between a carboxylic acid and an amine to form an amide. Solubility of amide in water was almost similar to the solubility of ester in water; this explains POT20HA's slight solubility in water. Optical microscopy reveals the solubility of POT20HA in water as shown in Figure 7 . Particles with almost spherical in shape were observed in the emulsion, confirming the presence of micelles. The result shows that POT20HA is soluble in water in the form of micelles. Particles size of the micelles were distributed in 4 ranges, 0.04 to 0.6, 0.7 to 8, 9 to 50 and 60 to 300 μm. Less than 50% of the particles were 2.12 μm in size as presented in Figure 8 . Results had shown that T20 was a suitable emulsifier for PO in water with the weight ratio of PO to T20 set at 5:1. Hence the formulation is labeled as POT20. Besides, hexane had shown to be an excellent stabilizing agent with the volume ratio of hexane to POT20 set at 0.5:25. Consequently, solution with pH 7 and temperature of 323 K were found to be the most suitable condition in the preparation of the formulation. The mixture stirring speed was 125 rpm for the duration of 1 hour. As mentioned earlier, the formulation produced two emulsions i.e. dilute and thick emulsions. The dilute emulsion known as POT20H was used as the PO inhibitor due to its solubility in water. In enhancing the IE of the POT20H at elevated temperature, DETA was added in the formulation and the volume ratio of POT20H to DETA was 50:2 and was labelled as POT20HA. The POT20HA was chosen as the PO corrosion inhibitor in this study. As predicted, POT20HA consists of n-phenyl-n-dodecanamide compound which is the Figure 7 . Optical microscopy observation on the POT20HA (100 x magnification) Developments in Corrosion Protection 394 family of amide and exists in the form of spherical micelle. The Inhibition behaviour of POT20HA was subsequently investigated through corrosion tests.
Micelles
Corrosion evaluation
They are several corrosion test techniques which can be used to study the inhibition behaviour of an inhibitor. However, the most common methods used are weight loss, potentiodynamic polarization as well as electrochemical impedance spectroscopy. Figure 9 shows the corrosion rates of Al 6061 in 1 M HCl solution in the presence of POT20HA at 299 K. The corrosion rate of Al 6061 was very much higher in the absence of POT20HA as compared to the corrosion rates measured in the presence of varying levels of POT20HA. Corrosion occurred due to the presence of water, air, Cl -and H + , which accelerated the corrosion process of the Al [20] . Increasing immersion time from initial to 3 hours significantly increased the corrosion rate. On the hand, further increase in the immersion time from 6 to 12 and 24 hours resulted in decrease in the corrosion rate. After 24 hours, the corrosion rate had reached its steady state. The same corrosion rate behaviour was obtained by Radzi [24] when Zn-Al coated low carbon steel wires were fully immersed in 3.5% NaCl solution. Nevertheless, increasing the immersion time from 3 to 48 hours reduced the corrosion rate by 78%. The reduction was due to the presence of aluminium hydroxide, which covered the Al 6061 surface [25] .
Weight loss measurement
The observed reduction in corrosion rates of Al 6061 in response to the increase of POT20HA concentrations indicated the positive effect of the inhibitor, as shown in Figure 9 (b). Test solutions containing 0.03 and 0.07 M POT20HA showed similar corrosion behaviour, whereby a reduction in the corrosion rate was observed for the first three hours of immersion. This shows the ability of POT20HA to form a protective layer on the Al 6061 surface. However, an increase in the immersion time from 3 to 6 and 12 hours had shown slight increase and reduction in the corrosion rate, respectively. ) through the pores of the uncovered surface led to the dissolution of Al [26, 27] . Consequently, the Al dissolution eventually led to the formation of corrosion product which repassivated the Al surface, which in turn reduced the corrosion rate. Tests on 0.10, 0.13 and 0.17 M POT20HA showed a direct reduction in corrosion rates from initial to 24 hours of immersion time. Eventually after 24 hours, the corrosion rate leveled as it reached its steady state. Therefore, it was evident that 0.10, 0.13 and 0.17 M POT20HA had produced excellent surface coverage which was not easily penetrated by Cl -ions. In other words, 0.10, 0.13 and 0.17 M POT20HA produced better surface coverage than 0.03 and 0.07M POT20HA.
The corrosion rates of Al 6061 immersed in different concentrations of POT20HA at 323 and 343 K are shown in Figures 10 (a) and (b) , respectively. Corrosion behaviour of Al 6061 was almost similar at both temperatures. For every concentration at both temperatures, an increase in the immersion time from initial to 24 hours had shown continuous gradual decrease in the corrosion rate. In each case, corrosion rate reached its steady state after 24 hours. In summary, 0.17 M POT20HA showed the lowest corrosion rate at both temperatures under study. Table 11 reveals the IE of different concentrations of POT20HA at different temperatures. The IE increased with increasing concentration of POT20HA at 299, 323 and 343 K. However, the IE decreased with increasing temperature. At all temperatures and concentrations under study, an increase in the immersion time from initial to 3 hours had shown gradual increase in the IE. On the other hand, further increase in the immersion time from 3 to 24 hours had shown reduction in the IE. Nevertheless, IE of POT20HA at 299 K was the highest followed by those at 323 and 343 K. The IE was considered excellent when the value was equal or higher than 95%. The 0.07, 0.10, 0.13 and 0.17 M POT20HA at 299 K had shown excellent IE. On the other hand, at higher temperatures of 323 and 343 K, only 0.17 M POT20HA showed excellent IE. In general, the 0.17 M POT20HA had exhibited excellent IE at all temperatures under study. Table 12 shows the electrochemical parameter of Al 6061 immersed in 1 M HCl in the presence and absence of different concentrations of POT20HA and temperatures. At all temperatures under study, an increase in concentration of POT20HA has reduced the corrosion potential (E corr ), corrosion current (i corr ) and the corrosion rate (CR); thus, increasing the polarization resistance (R p ). With 0.17 M POT20HA, the R p increased remarkably as compared to those of the lower concentrations. The R p is associated with the resistance action of POT20HA towards corrosion reaction. Accordingly, the 0.17 M POT20HA had shown the highest IE as compared to those of the lower concentrations at 299, 323 and 343 K. Furthermore, an addition of inhibitor to the corrosive solution had changed the value of the anodic and cathodic Tafel slopes, β a and β c , respectively, as compared to those values in the absence of inhibitor. Thus, it shows that the inhibitor controls both the cathodic and anodic corrosion reactions.
Potentiodynamic polarization study
It is observed that the E corr of 0.03 M POT20HA shifted slightly to the left while those of the higher concentrations were shifted to the right in all of the temperatures under study. As determined from the data, E corr difference between the POT20HA and the blank was less than 85 mV. Hence, the POT20HA is considered to be of the mixed type of inhibitor with predominantly anodic action, except for the 0.03 M POT20HA, which was more towards cathodic [28, 29] . This confirmed the results of β a and β c , which generally revealed the ability of POT20HA in protecting both the anodic and cathodic reactions of the corrosion process. 
Electrochemical Impedance Spectroscopy (EIS) study
The general shape of the curve was almost similar for all concentrations of POT20HA, indicating that almost no change in the corrosion mechanism occurred when concentrations were varied [30] . Adding and increasing of POT20HA increased the capacitive semicircle loop diameter which indicated the increase in the IE (Figure 11 and 12) . Furthermore, the 0.03 and 0.07 M POT20HA had shown almost similar capacitive values as shown in Figure 12 (a). The impedance of Al 6061 in 1 M HCl solution with different concentrations of POT20HA at 343 K was almost similar to those of the lower temperatures under study. The presence of inhibitor had increased the capacitive value. However, the 0.17 M POT20HA had shown different impedance behaviour than those of the lower temperatures. There was no inductance loop obtained at the low frequency and the formation of capacitive loop was not well defined as shown in Figure 14 . Similar type of curve was observed by Sherif & Park and Mabrour et al. [31, 32] , the significant increase in the loop size and the absence of inductance loop as compared to those of the lower concentrations of POT20HA solution indicate that the 0.17 M POT20HA had better inhibitive behaviour with no dissolution of passive film. Finally, results from the corrosion tests revealed the inhibition behaviour of the POT20HA towards Al 6061 at different temperatures and concentrations. The weight loss (WL) test showed that IE increased with increasing concentration but decreased with increasing of immersion time and temperature. However, the IE of the 0.17 M POT20HA remained high even after 48 hours of immersion time. The potentiodynamic polarization (PP) test revealed that the POT20HA acted as a mixed type of inhibitor which was capable in inhibiting the anodic and cathodic sides of corrosion process. Consequently, EIS results showed the ability of POT20HA in forming a protective passive film on Al 6061 surface. The thickness of the passive film increased with increasing concentration but decreased with increasing temperature. On the other hand, dissolution of the passive film occurred at elevated temperature and insufficient levels of POT20HA, causing the Al 6061 to eventually dissolve. EIS confirmed that a stable passive film was formed by 0.17 M POT20HA.
Surface corrosion analysis
SEM micrograph images, as shown in Figure 15 Figure 15 and 16(a) . Homogeneous corroded area throughout the surface sample showed that the corrosive solution had attacked the entire grain boundaries of the Al 6061 surface. Further increase in the concentration from 0.03 M to 0.07, 0.10 and 0.13 M showed a reduction in the surface attack as illustrated in Figure 16(b), 17(a) and 17(b) , respectively. However, some of the surface was unattacked (grey area), while some intergranular corrosion was observed propagating along the grain boundaries of the Al 6061 surface. Length of the propagating intergranular corrosion reduced with the increase of concentration as clearly observed in 0.07 M and 0.13 M. Further increase in the concentration to 0.17 M showed only the presence of minor pitting corrosion as observed in Figures 18(a) and 18(b) which, revealed one of the pitting corrosion on the Al 6061 surface (at point A). The increase in concentration of POT20HA from 0.03 to 0.17 M had changed the corrosion pattern from general to intergranular and finally to pitting corrosion. Similar corrosion pattern were observed at 323 and 343 K. 
Adsorption isotherm relationship
The correlation between the concentration of POT20HA (C) and surface coverage (θ) was determined by fitting the experimental data on a suitable adsorption isotherm, such as Frumkin, Temkin and Langmuir relationships. The adsorption isotherm relationships were expressed by the following equations; values indicated that the experimental data were in agreement with the Langmuir relationship at all temperatures under study. This condition shows that POT20HA has formed monolayer film that was attached to the Al 6061 surface without lateral interaction between the adsorbed inhibitor. However, at the 323 and 343 K, the data for the immersion time above 24 hours would fit the Temkin relationship. According to the Temkin relationship, the f values at this condition are positive. The attraction between Al 6061 and the adsorbed inhibitor is as explained by Noor [8] . The experimental data did not fit the Frumkin relationship. This finding reveals the transition from Langmuir to Temkin isotherm relationship, hence, shows that the adsorption behaviour of an inhibitor is strongly influenced by the temperature. 
Inhibition mechanism
Since the POT20HA was in the form of dilute emulsion, the adsorption mechanism of the inhibitor on the Al 6061 surface in 1 M HCl was determined through an emulsion analysis. As previously mentioned, POT20HA existed as spherical micelles with particle size ranging from 0.04 to 300 μm. The pH of emulsion was 12.5 which indicated that the micelles were negatively charge [35] , thus are capable in forming electrostatic bonding or being physically adsorbed onto the positively charged Al 6061 surface. The pH of the emulsion without the presence of DETA was about 7; therefore, it was shown that the increase in the basicity of the emulsion was due to the presence of DETA. Results showed that the inhibition was due to the presence of an amide compound ( Figure 20 ).
The PP test had revealed that POT20HA acts as a mixed type of inhibitor which controls both the anodic and cathodic sides of corrosion reaction. Consequently, adsorption isotherm had shown that POT20HA was adsorbed on the Al surface through physical adsorption via weak van der Waal forces. In 1 M HCl solution, POT20HA which was in the form of micelles were expected to be fully protonated [36] . The carbonyl functional group of the amide family of POT20HA was expected to be protonated by the HCl solution and acted as cationic species. Thus, the protonated micelles adsorbed on the cathodic sides of the corroding surface and blocked the H 2 evolution. Figure 20(a) shows the schematic illustration of the spherical micelles, while Figure 20(b) illustrates the attachment of protonated micelles on the cathodic sides of the Al surface. Subsequently, the protonated micelles were expected to be adsorbed onto the anodic sides of the Al surface by means of electrostatic interaction. The electrostatic interaction was formed due to the presence of Cl -ions in the 1 M HCl solution which were likely to be adsorbed onto the anodic sides of the Al surface and form negatively charged surface which then promoted the adsorption of the protonated micelles. This phenomenon is illustrated schematically by Figure 20(c) . Hence, the presence of POT20HA in the corrosion system of Al in 1 M HCl had controlled the dissolution of Al as well as the evolution of H 2 .
Performance evaluation
From the above result and discussion on the formulated corrosion inhibitor, the POT20HA would be able to protect the Al 6061 surface through physical adsorption. Hence, assumption can be made that the POT20HA is capable to work as an anticorrosion in car radiator, in which the temperature is at 88±2 o C. In responding to this assumption, POT20HA was used as anticorrosion in a simulated condition of car radiator according to JIS K 2234.
The JIS K 2234 specification was taken as the reference in evaluating the performance of the PO anticorrosion-coolant in the circulation test. Table 14 shows the JIS K 2234 specification and changes of pH, mass of Al, Cu and Fe after the circulation test. In the test, the Al, Cu and Fe were immersed in a solution containing 30% (v/v) of PO anticorrosion-coolant and the balance "adjusting" water at 88±2 o C for 1000±2 hours at a circulation rate of 1.5 liter/min. The result showed that the POT20HA had successfully protected the Cu, Fe and Al from corrosion within the JIS K 2234 specification for the circulation test.
JIS K 2234 specification
After the circulation test Table 15 shows the physical properties of both the PO and the commercial anticorrosioncoolants. The density and boiling points of these anticorrosion-coolants were within the acceptable range. The boiling point of PO anticorrosion-coolant was significantly much higher than those of the commercial anticorrosion-coolant and the specified values in JIS K 2234. However, the freezing point of the PO anticorrosion-coolant was slightly higher than the specified value.
Physical properties of PO anticorrosion-coolant
Performance of the formulated PO antirust-coolant followed the specification of the JIS K 2234 and is almost similar to the well known commercial product. Furthermore, PO showed better boiling point than the commercial product, even though the freezing point was slightly lower. Therefore, the formulated PO antirust-coolant was an excellent anti-boil, anticorrosion and significant enough as anti-freeze which can be used throughout the year, especially in tropical and temperate countries. 
Conclusions
The formulated palm olein inhibitor (POT20HA) was an amide compound which is partially soluble in water. The temperature of (50 o C) 323 K and pH 7 were found to be the suitable condition for formulation preparation. The suitable emulsifier, stabilizing agent and enhancing agent were Tween 20, hexane and DETA, respectively.
The weight loss study showed that the IE was found to be concentration dependent. However the IE is inversely proportional to the immersion time and temperature. The potentiodynamic polarization study showed that the POT20HA was a mixed type of inhibitor. The electrochemical impedance spectroscopy results indicated the ability of POT20HA in forming protective passive film on Al 6061 surface. The thickness of passive film increased together with increasing concentration of POT20HA but decreased with increasing temperature. SEM observation showed a smooth and homogeneous inhibited Al 6061 surface with 0.17M POT20HA.
The Langmuir isotherm relationship fitted the data of all temperatures and immersion times under study. The ΔG ads o and E a values for all concentrations and temperatures under study
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confirmed that the POT20HA was adsorbed on the Al surface through physical adsorption. Adsorption mechanism study had shown that the protonated POT20HA micelles in 1 M HCl was adsorbed onto the cathodic sides of the corroding surface and blocked the H 2 evolution. Subsequently, the protonated micelles of POT20HA were adsorbed onto the anodic sides of the Al surface by means of electrostatic interaction of the Cl -ions.
The performance tests had shown that POT20HA had the ability to function as an anticorrosion material when mixed with glycerin in Al car radiator. Performance of the formulated PO anticorrosion-coolant fulfilled the specification of the JIS K 2234 and matched the standard of a well known commercial product.
